The magnetic behavior of Fe lines on top of a continuous FeF 2 antiferromagnetic layer was investigated as a function of the orientation of the lines with respect to the applied magnetic field and a unidirectional anisotropy established by field cooling. The orientational dependence of the asymmetric loop shift, called exchange bias, shows that the competition between shape and unidirectional anisotropies modifies the exchange bias and the coercivity. Remarkably, in certain cases, exchange bias can be observed even when the applied field is perpendicular to the unidirectional anisotropy. Numerical simulations with a coherent rotation model illustrate a rich phase diagram, which originates from the noncollinearity of the involved anisotropies. Using this phase diagram, exchange bias and coercivity can be predictably tailored. In particular, different preferred magnetization directions can be designed in separately patterned structures of the same sample with identical preparation and magnetic history.
Although the role of shape anisotropy in homogeneous magnetic materials has been well understood for a long time, [1] [2] [3] we show here that adding shape anisotropy to magnetic heterostructures can give rise to an unexpected behavior due to a competition between shape anisotropy and internal interactions of the heterostructure. Examples of heterostructures, which received much attention lately, are ferromagnetic/antiferromagnetic exchange-coupled systems. The coupling between an antiferromagnet and a ferromagnet can give rise to an induced unidirectional anisotropy in the ferromagnet, which is referred to as exchange bias. The main characteristic of this induced anisotropy is a shift of the hysteresis loop of the ferromagnet along the field axis. 4 This unidirectional anisotropy stems presumably from the way the antiferromagnet orders in the proximity of a ferromagnet, but a detailed understanding is still missing. 5 Regardless of the missing microscopic understanding, exchange bias has become important for many magnetoelectronic applications, because it pins the magnetization orientation of one ferromagnetic layer, which then serves as the reference layer in a variety of device structures, such as spin valves and magnetic memory elements. 6 For applications, it is often necessary to pattern the heterostructures into a confined geometry. Thus the question of how patterning influences the magnetic behavior arises naturally. Up to now, studies of exchange-biased antiferromagnetic/ferromagnetic wires have been restricted to cases with shape anisotropy either parallel or perpendicular to the applied magnetic field. 7, 8 These studies showed a modified exchange bias similar to nanostructured networks of exchange-bias systems. 9, 10 However, there has been no systematic study of the role of the shape anisotropy orientation and no quantitative understanding of these effects has yet been obtained.
In this work, we studied the exchange bias of Fe lines on an antiferromagnetic FeF 2 film as a function of line orientation with respect to cooling and applied magnetic fields, but fixed with respect to the FeF 2 crystalline orientations. The main result is that competition and noncollinearity between unidirectional exchange coupling and shape anisotropy can give rise to an unexpected magnetic behavior. This opens up a straightforward pathway to tailor both the magnitude and direction of exchange bias, which can be applied to any exchange-bias system. We compare the experimental results to numerical simulations obtained from a coherent rotation model. The simulations give rise to a surprisingly rich variety of hysteretic behavior. The magnetic behavior depends strongly on the ratio and relative orientation between shape and uniaxial anisotropies. In particular, when the ratio is less than 1, large exchange bias is observed even with magnetic fields applied perpendicular to the unidirectional anisotropy. This permits the introduction of several different preferred magnetization directions in separately patterned structures, independent from material specific parameters, even if they have identical magnetic history.
Using e-beam lithography and ion milling, we defined 300-nm-wide polycrystalline Fe lines on top of a continuous quasiepitaxial ͑110͒ FeF 2 film grown on MgO͑100͒. The FeF 2 layer has a twinned in-plane structure, such that ͓001͔ FeF 2 is along either ͓011͔ or ͓01 1͔ of the MgO substrate.
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The FeF 2 and Fe are 90 and 10 nm thick, respectively. The Fe lines have a periodicity of 500 nm and cover several 100ϫ100-m 2 areas, each with a different direction with respect to the MgO ͓010͔ direction. Since all the patterns are on one single chip, it is assured that the local exchange interaction between the Fe lines and FeF 2 film and the magnetic history ͑i.e., magnitude and direction of the cooling field͒ are identical for all patterns.
The magnetic hysteresis loops of the line patterns were measured with magneto-optic Kerr effect ͑MOKE͒, 12 using an optical cryostat. The transverse MOKE geometry 12 is used under Ϸ45°incidence, which allows us to measure the magnetization component M par parallel to the applied field. The laser beam is focused down to 50 m diameter, which enables us to address each of the Fe-line patterns individually. Magnetic hysteresis loops measured at room temperature for the patterned Fe lines along various directions are consistent with a uniaxial shape anisotropy K u ϭ150 Oe.
For measurements in the exchange-biased state, the sample is cooled from room temperature to 35 K in an applied field of 1.5 kOe. It should be noted that depending on the crystalline orientation of the antiferromagnet, the unidirectional exchange-coupling anisotropy is not necessarily along the cooling field direction. 13 However, here we always apply the cooling field along MgO ͓010͔ ͑corresponding to either ͓11 2͔ or ͓1 12͔ of the two FeF 2 twins, respectively͒, which guarantees that in our case the cooling field direction and the direction of unidirectional anisotropy are identical. 13 Figures 1͑a͒-1͑c͒ show magnetic hysteresis loops after field cooling for three patterns with the lines oriented at Ϫ45°, 0°, and ϩ45°relative to the cooling and the applied field. The resulting exchange bias is similar (H E Ϸ475 Oe) for all three patterns and only the shape of the hysteresis loop is somewhat changed by the different shape anisotropies. Furthermore, as expected, the hysteresis loops for the patterns rotated ϩ45°or Ϫ45°͓see Figs. 1͑a͒ and 1͑c͔͒ are essentially identical.
As shown in Figs. 1͑d͒-1͑f͒, the situation is completely different as soon as the patterns are rotated 90°clockwise after field cooling. The unidirectional anisotropy is now perpendicular to the applied magnetic field and therefore one would naïvely not expect to observe any exchange bias. Indeed, for the pattern where the cooling field direction is parallel to the lines and thus along the direction of the uniaxial shape anisotropy, the exchange bias is negligible compared to the other cases ͓see Fig. 1͑e͔͒ . On the other hand, for the lines at 45°to both the applied and the cooling fields, there is an exchange bias ͓see Figs. 1͑d͒ and 1͑f͔͒. However, note that the sign of the exchange bias is opposite for the two orientations, even though the magnetic history is exactly the same.
It is instructive to compare these experimental results with numerical simulations based on a coherent rotation model ͑Stoner-Wohlfarth type 2 ͒ similar to earlier works. 14, 15 If we assume a homogeneous magnetization in the Fe lines, then the free energy f can be written as
where H is the applied field, M s is the saturation magnetization, is the angle of the magnetization with the applied field, K E and K u are the unidirectional exchange coupling and the uniaxial shape anisotropy, and E and u are the angles between the applied field and these two anisotropy axes, respectively. Hysteresis loops are determined numerically via energy minimization of Eq. ͑1͒. Results are shown in Fig. 2 for different ratios of K u /K E and fixed values of E ϭ90°and u ϭ45°, corresponding to the case in Fig. 1͑d͒ . As one can see, a range of hysteretic behavior can be observed depending on the ratio K u /K E .
The exchange bias H E and the coercivity H c values extracted from these simulated loops are plotted as a function of K u /K E in Fig. 3 . One can distinguish three types of behavior. For vanishing K u , H E also vanishes and the magnetization simply rotates reversibly from one direction to the opposite, whereby at remanence the magnetization always points along the unidirectional anisotropy K E ͓see Fig. 2͑a͔͒ . With increasing K u the magnetization still rotates reversibly, albeit asymmetrically ͓see Fig. 2͑b͔͒ . This gives rise to an FIG. 1. Hysteresis loops measured with MOKE at 35 K for three patterns with the lines Ϫ45°͑a,d͒, 0°͑b,e͒, and ϩ45°͑ c,f͒ oriented with respect to the cooling field and the applied field during the hysteresis loop measurements. The applied magnetic field is parallel to the cooling field for ͑a͒-͑c͒, while it is perpendicular for ͑d͒-͑f͒. The directions of the applied field and cooling field with respect to the lines are indicated to the right of each plot. Note that H FC is always applied along ͓010͔ MgO ͑corresponding to either ͓11 2͔ or ͓1 12͔ of the two FeF 2 twins, respectively͒.
H E which increases linearly with K u ͓see region I in Fig. 3͔ . When K u /K E reaches 0.85, the hysteresis loop shows irreversible behavior ͓see Fig. 2͑c͔͒ . Notice that the exact value at which the irreversible behavior becomes important depends on the angle between the uniaxial and the unidirectional anisotropy. For K u /K E larger than 0.85, H c increases and H E decreases ͓see region II in Fig. 3͔ until they both become close to K E /2M s near K u /K E ϭ1. For K u /K E Ͻ1, the perpendicular component of the magnetization always points along the direction of the unidirectional anisotropy during the magnetization reversal. The situation changes completely at K u ϭK E . There is a first-order transition in the hysteretic behavior, such that the magnetization reverses in opposite directions during the ascending and descending branches of the hysteresis loop ͓see Fig. 2͑d͔͒ . At the same time H c increases by more than a factor of 2, such that H c ϾK u , and H E changes sign and is significantly reduced in magnitude. Upon further increasing K u , H E vanishes, and H c becomes equal to K u ͓see region III in Fig. 3͔ as is expected for a coherent rotation model without additional unidirectional anisotropy. 2 It is important to realize that the complexity of this magnetic behavior is due to the noncollinearity of the applied field, the unidirectional exchange-coupling anisotropy established by the field cooling, and the shape anisotropy determined by the geometry. For example, if the unidirectional anisotropy is parallel to the applied field, then the exchange bias is independent of the shape anisotropy, namely, H E ϭK E /M s , which is exactly the experimental observation ͓see Figs. 1͑a͒-1͑c͔͒. It should also be pointed out that the calculated hysteresis loops do not require that the uniaxial anisotropy be due to the shape of the ferromagnet. If the ferromagnet has an intrinsic uniaxial anisotropy ͑i.e., crystalline 15 ͒, then the same effects should be observable. However, unlike crystalline uniaxial anisotropy, shape anisotropy introduces an extra degree of freedom, since different parts of the same sample can be designed to have different magnitude and direction of shape anisotropy.
We can estimate, which region of Fig. 3 corresponds to the samples we measured. The shape anisotropy of the Fe lines can be calculated from demagnetizing factors if one approximates the wires as general ellipsoids. Using M s ϭ1740 emu/cm 3 for Fe and the dimensions of 100 m length, 300 nm width, and 10 nm thickness results in K u /M s ϭ353 Oe. 3 This compares well with the shape anisotropy determined from room-temperature, hard-axis hysteresis loops, which show an anisotropy field H a Ϸ300 Oe, corresponding to K u /M s Ϸ150 Oe. The unidirectional exchange-coupling anisotropy can be determined directly from measurements with the field applied along the field cooling direction ͓Figs. 1͑a͒-1͑c͔͒ and is K E /M s ϭH E ϭ475 Oe. Thus, the samples correspond to region I in Fig.  3 . Therefore the exchange bias should be equal to K u /M s , and in fact the exchange bias in Figs. 1͑d͒ and 1͑f͒ is Ϯ180 Oe, corresponding well to K u /M s ϭ150 Oe, determined from the room-temperature hysteresis loops. Of course, one may notice that the simulation in Fig. 2͑b͒ does not show any hysteresis in contrast to the experimental data. This is most likely due to the fact that the model ignores more complicated origins of coercivity in exchange-bias systems, such as irreversible losses in the antiferromagnet. 16 These contributions can be removed from the experimental data by averaging the branches of the two hysteresis loops and the result is shown by the solid symbols in Fig. 2͑b͒ together with the corresponding numerical simulation. The result is remarkable, since without any free parameter, not only the shift of the loop but also the overall shape of the loop are well described.
In the past, various other approaches have been used successfully to modify exchange bias locally, for example, by ion irradiation. 17 One distinct advantage of the work presented here is that the use of shape anisotropy provides precise control of the magnitude and orientation ͑i.e., sign͒ of the exchange bias over a wide range. This means that once the unidirectional exchange-coupling anisotropy is known ͑i.e., from an unpatterned film͒, the coherent rotation model can be used to predict quantitatively the resulting exchangebias shifts of the patterned areas.
In conclusion, we have proven that uniaxial shape anisotropy can give rise to exchange bias in situations where one naïvely would not expect any. Numerical simulations based on a coherent rotation model show that this effect relies on the noncollinearity of the involved anisotropies. The exchange bias is most pronounced when the uniaxial anisotropy is slightly smaller than the unidirectional exchange-bias anisotropy. Furthermore, as a function of the ratio between the uniaxial and the unidirectional anisotropy K u /K E , the numerical simulations provide a phase diagram with three regions of hysteretic behavior and a change of sign for the exchange bias. Future experiments with varying ratios of K u /K E should be able to explore the full range of predicted hysteretic behavior. Furthermore, the directional selectivity of the exchange bias due to shape anisotropy can be used to establish different preferred magnetization directions in separately patterned structures with the same magnetic history. Similarly, one can expect that the competition between shape anisotropy and internal interactions in other types of magnetic heterostructures can give rise to equally rich varieties of magnetic behavior.
